Introduction: Despite declining risk of vertical HIV transmission, prophylactic cotrimoxazole (CTX) remains widely used to reduce morbidity and mortality in the event of HIV infection among exposed infants, with an inherent risk of conferring commensal antimicrobial resistance. Using data from a randomized, placebo-controlled trial of infant CTX prophylaxis, we sought to quantify emergence of antibiotic resistance. Methods: HIV-exposed uninfected infants enrolled in the Botswana Mpepu study were randomized to prophylactic CTX or placebo between 14 and 34 days of life and continued through 15 months. Stool samples were collected from a subset of participating infants at randomization, three, and six months, and stored at À70°C prior to culture. Specimens that grew Escherichia coli (E. coli) or Klebsiella species (Klebsiella spp.) underwent antibiotic susceptibility testing by Kirby Bauer method using CTX (CTX 1.25/23.75 lg) and Amoxicillin (10 lg) in Mueller Hinton agar. Fisher's exact testing was used to compare prevalence of resistance by randomization arm (CTX/placebo). Results and Discussion: A total of 381 stool samples from 220 infants were cultured: 118 at randomization, 151 at three months, and 112 at six-months. E. coli was isolated from 206 specimens and Klebsiella spp. from 138 specimens. Resistance to CTX was common in both E. coli and Klebsiella spp. at the randomization visit (52.2% and 37.7% respectively) and did not differ by study arm. E. Coli isolates from CTX recipients at three and six months had 94.9% and 84.2% CTX resistance, as compared with 51.4% and 57.5% CTX resistance in isolates from placebo recipients (p=0.01). Klebsiella spp. isolates from CTX recipients had 79.0% and 68.8% CTX resistance at three and six months, as compared with 19.1% and 14.3% in isolates from placebo recipients (p<0.01). Conclusions: HIV-exposed infants randomized to CTX prophylaxis had increased CTX-resistant commensal gastrointestinal bacteria compared with placebo recipients. Additional research is needed to determine the longer-term clinical, microbiologic, and public health consequences of antimicrobial resistance selected by infant CTX prophylaxis.
| INTRODUCTION
The World Health Organization (WHO) recommends cotrimoxazole (CTX) prophylaxis for HIV-exposed infants at risk of postnatal HIV transmission, continuing until six weeks after breastfeeding cessation (with confirmation of negative HIVstatus) [1] . These guidelines were based upon evidence that CTX prophylaxis reduces mortality among HIV-infected infants and children in an era of high risk of mother-to-child HIV transmission (MTCT) and low availability of infant HIV DNA PCR testing [2] [3] [4] [5] [6] [7] [8] . However, increased maternal antiretroviral (ARV) access has reduced the annual number of new paediatric HIV infections worldwide by 56% between 2010 and 2015 [9] . As early infant HIV testing programs are scaledup and late transmission of HIV to breastfed infants is virtually eliminated with improved programmatic implementation of universal ARV treatment, the risk-benefit for CTX prophylaxis among HIV-exposed children requires reevaluation.
Among the few studies reporting antimicrobial drug resistance patterns among populations receiving CTX prophylaxis, most have focused on HIV-infected cohorts [6, [10] [11] [12] . Where the population of interest has been HIV-exposed uninfected (HEU) infants or children, studies have focused predominantly on folate resistance mutations in Plasmodium falciparum [13, 14] . Using data from the Mpepu study, a Botswana-based trial in which HIVexposed uninfected infants were randomized to CTX or placebo between 14 and 34 days of life through 15 months of life, we sought to quantify the emergence of antibiotic drug resistance in commensal enteric bacteria isolated from infant stool prior to and after dosing of CTX or placebo.
| METHODS

| Study population and monitoring
The Mpepu Study was a double blinded, randomized controlled trial investigating whether prophylactic CTX improved survival among HEU infants [15] . The governing Institutional Review Boards, Botswana Health Research and Development Committee and Harvard T. H. Chan School of Public Health, approved the study. Maternal participants provided written informed consent for their and their infants' participation.
HIV-exposed infants of HIV-infected women were eligible for enrolment from birth to 34 days-of-life. Mother-infant pairs were enrolled in Gaborone, Botswana's capital city, and in the village of Molepolole. Mothers received 3-drug ARV treatment, and infants received 30 days of ARV prophylaxis (per Botswana standard of care). Infants were randomized to receive CTX or placebo at 14 to 34 days of life through 15 months of age. Infants received 2.5 milliliters of CTX (sulfamethoxazole 100 mg/trimethoprim 20 mg) or placebo once daily from 14 to 34 days through six months of age, followed by five millilitres of CTX (sulfamethoxazole 200 mg/trimethoprim 40 mg) or placebo once daily until 15 months of age. CTX/placebo, packaged identically and with identical taste, was issued to the mother at each study visit. Mothers administered the liquid to their infants at home.
Study visits occurred at birth, randomization, 2, 3, 6, 9, 12, 15 and 18 months of life. At the enrolment and randomization visits, as well as any study visit where the infant was less than six weeks from breastfeeding cessation, infant HIV-1 testing was performed using qualitative polymerase-chain-reaction (PCR) DNA assay (Amplicor HIV-1, Roche Diagnostic Systems, New Jersey, USA). Prior to and at delivery, maternal CTX use was abstracted from maternal medical records. A consent modification, implemented on 8 May 2014, permitted collection of infant stool samples at the randomization (14 to 34 days of life), three-and six-month study visits.
| Processing of stool specimens
Mothers who consented for study participation after 7 May 2014 were contacted prior to the scheduled study visit and reminded to bring their infant's diaper containing stool to the study visit. Stool was preferentially collected in real-time if available or from a diaper if the infant produced stool within 24-hours prior to the study visit and the mother brought the diaper. For stool recovered from a diaper, the date and time of collection were obtained by maternal self-report and the home storage conditions (ambient air or refrigerated) were noted. Collected stool specimens were stored at À70°C.
To discern longitudinal patterns of resistance, all stool specimens obtained at three and six months of age where thawed and inoculated on MacConkey (MAST DM 140, without salt) agar plates for culture. If bacteria were cultured from threeor six-month stool specimens and a specimen from the randomization visit was available, the randomization stool specimen, obtained prior to initiation of CTX or placebo, was also cultured. Lactose fermenting colonies were identified by biochemical tests and sub-cultured for purity. Antimicrobial susceptibility testing by Kirby Bauer disc diffusion method was done for CTX (25 lg 
| Statistical methods
SAS, version 9.3 (SAS Institute, Cary, North Carolina, USA) was used for statistical analyses. Maternal and infant characteristics were compared by maternal-infant pairs consented after 7 May 2014 based on provision of an infant stool sample or not and by randomization arm for infants with cultured stool samples. Wilcoxon Rank Sum Test was employed for comparison of continuous variables. Fisher's exact testing was used for comparison of non-continuous variables and to assess for significant differences in proportions of E. coli and Klebsiella spp. resistance by randomized arm. A sensitivity analysis was performed to assess for prevalence of antimicrobial drug resistance among the subset of infants who were not prescribed antibiotics in the first six months of life for acute illnesses. All testing used a significance level of ≤0.05, with two-sided hypothesis testing.
| RESULTS
After stool collection was initiated on 7 May 2014, a total of 648 infants were enrolled in the Mpepu study. Almost all mothers of enrolled infants received 3-drug ARV treatment in pregnancy (96.7%), and none had documentation of CTX use during pregnancy.
Of these 648 infants, 220 (34%) provided at least one stool sample at the three-or six-month study visit. Median duration of infant ARV prophylaxis was slightly longer among infants who provided a stool sample compared with those who did not (31 days vs. 28 days; p<0.001). In all other respects, infant characteristics were similar between those who provided a sample and those who did not. Among infants who provided a stool sample, 105 (47.7%) received CTX and 115 (52.3%) received placebo. Baseline characteristics of mothers and infants who provided a specimen did not differ by CTX/ placebo arm ( Table 1) . Prescribing of antibiotics by government health facilities was common, but did not differ by randomization arm; 26 (25%) of CTX recipients and 30 (26%) of placebo recipients (p=0.88) received an additional prescribed antibiotic in the first six months of life. The three most frequently prescribed antibiotics were amoxicillin, metronidazole, and erythromycin.
In total, 220 infants provided 381 stool samples, including 118 specimens from the randomization visit (prior to CTX or placebo initiation), 151 from the three-month visit, and 112 from the sixmonth visit. A total of 446 isolates were cultured from these 381 specimens, including 134 isolates from the randomization visit, 173 from the three-month visit, and 139 from the six-month visit. 
There were 206 isolates of E. coli and 138 of Klebsiella spp. Culture yields of E. coli and Klebsiella spp. did not differ significantly at the three-and six-month study visits between infants receiving CTX or placebo (p>0.35) ( Table 2) . Among all infants with E. coli isolates, CTX resistance was common prior to randomization (between 2 and 4 weeks of life); 64.7% among CTX-randomized infants, and 60.7% among placebo-randomized infants (p=1.0) (Table 3A) . By the three-month study visit, 94.9% of E. coli isolates from the CTX arm versus 51.4% from the placebo arm had CTX resistance (p<0.0001). At the six-month visit, 84.2% of E. coli isolates from the CTX arm versus 57.5% from the placebo arm had CTX resistance (p=0.01). Findings were similar among the subset of 164 (74.5%) infants who were not prescribed other antibiotics in the first six months of life. E. coli resistance to CTX was significantly higher in isolates of CTX recipients at threeand six-months, 93.9% and 84.0% respectively, versus 50.0% and 53.6% respectively among isolates of placebo recipients (p=0.0004 and 0.02 respectively) ( Table 3B) . Escherichia coli sensitivity to amoxicillin was also evaluated. Prior to randomization, 58.8% of E. coli isolates from infants subsequently randomized to CTX were resistant to amoxicillin, compared with 71.4% from placebo recipients (p=0.52). Among E. coli isolates from the three-month visit, 79.5% of isolates in CTX recipients had E. coli resistance to amoxicillin compared with 51.4% among placebo recipients (p=0.02). At the six-month visit, amoxicillin resistance in E. coli isolates was 73.7% in the CTX arm versus 53.2% in the placebo arm (p=0.07).
Klebsiella spp. isolate resistance to CTX was 37.7% prior to randomization overall, and 40.6% among infants subsequently randomized to CTX versus 34.5% among placebo recipients (p=0.79). By three months, 79% of Klebsiella spp. isolates from CTX recipients were CTX resistant compared with 19.1% among placebo recipients (p=0.0003; Table 3A ). This pattern persisted at six-months, with 68.8% of Klebsiella spp. isolates from the CTX arm being CTX resistant versus 14.3% from placebo recipients (p=0.002).
| DISCUSSION
Randomization to prophylactic CTX among HIV-exposed uninfected infants in Botswana was associated with early emergence and persistence of CTX-resistant E. coli and Klebsiella spp, and receipt of CTX was also associated with E. coli resistance to amoxicillin.
Our study was the first to evaluate emergence of commensal organism resistance among HIV-exposed uninfected infants receiving CTX prophylaxis. The high rate of baseline resistance to CTX among infants in the study was not surprising, as other studies have reported similar findings [7, 17, 18] . In a cohort of HIV-infected children in South Africa, antibiotic sensitivities of nasopharyngeal bacteria was assessed prior to randomization to once daily versus three times per week CTX prophylaxis [19] . Baseline CTX resistance was common, with CTX resistance found among 88% of the isolates, with over 80% of Streptococcus pneumoniae, Haemophilus influenzae, and Staphylococcus aureus isolates demonstrating CTX resistance [19] . Similarly, the emergence of resistance following CTX receipt was high in our cohort. This finding is consistent with other studies from Africa involving HIV-infected individuals. In a Uganda-based CTX prophylaxis efficacy study, 76% of commensal bacterial isolates cultured from stool of HIV-infected children and adults had CTX resistance [20] . In a Zambianbased study of HIV-infected children and adults with chronic diarrhea, 75%, 97% and 100% of isolates of nontyphoidal salmonella, Shigella flexneri and Shigella dysenteriae were CTX resistant [21] . Finally, we observed increased resistance to Amoxicillin among CTX-exposed infants. This finding may indicate plasmid-mediated resistance to multiple antimicrobial agents [22] [23] [24] , and raises concern that clinical implications from CTX exposure may extend to other antimicrobial agents as well.
Strengths of this analysis included the randomized design of the parent study, longitudinal follow-up, and data for other infant antibiotic use. We recognize that the study also has limitations. CTX/placebo was administered at home. While self-reported adherence to dosing was equally high in both arms, even if this reporting reflects desirability bias, poor adherence would have biased the results toward the null, which we did not observe. It was difficult to collect stool from infants, particularly at later visits, due to stooling frequency patterns. However, there was no significant difference in the proportion of infants who provided stool samples by randomization arm at the three-and six-months visits. Other researchers have described the progression of the gut microbiome in the first two years of life in cohorts of healthy children [25] [26] [27] . While the progression of microbiome may evolve differently among HEU children, or by feeding patterns, the randomized design of the Mpepu study ensured that differences between the infant CTX and placebo arm were unlikely. In our cohort, 25% of all infants were prescribed at least one antibiotic in the first six month of life and this may have contributed to antimicrobial resistance. However, CTX prophylaxis remained significantly associated with resistance in the remaining 75% of infants who received no other prescribed antibiotics. While maternal use of antibiotics other than CTX during pregnancy and breastfeeding could contribute to the commensal bacterial resistance in an infant, we did not collect data on maternal antibiotic use, other than CTX use during pregnancy. However, in a sub-analysis of infants exclusively formula fed from birth, E. coli and Klebsiella spp, resistance to CTX remained significantly associated receipt of CTX (data no shown). Additional concerns included the possibility that CTX might alter commensal bacterial load, affecting yield from the culture results. However, we did not find evidence of this, and it is noteworthy that the culture yield of E. coli and Klebsiella spp. did not vary significantly at the three timepoints when comparing randomization arms. We cannot exclude the possibility that CTX may have had a different impact on more pathogenic isolates, or among non-commensal pathogens. The risk for commensal organism resistance being transferred to pathogenic organisms, and the effectiveness of current antimicrobial treatment options for severe infections, were not assessed by this study but are of importance. Finally, while we did not find any association between commensal organism resistance and infant mortality (data not shown), this analysis was not powered to detect significant mortality differences by arm. Mortality in the Mpepu study was significantly lower than other studies involving HIV-exposed infants in Africa [28] [29] [30] [31] , including studies in Botswana [32] .
Our resistance data provide additional information for policymakers when weighing the pros and cons of CTX prophylaxis for HIV-exposed infants with low MTCT risk. As countries successfully scale-up WHO programmatic recommendations and achieve MTCT reductions, fewer HIV-exposed infants will acquire HIV. Therefore, policies promoting CTX prophylaxis for HIV-exposed infants with continued HIV acquisition risk can likely be limited to settings where maternal ARV access is low; where infant follow-up testing is not routinely and frequently performed; and possibly to regions experiencing the combined burden of a generalized HIV epidemic and high malarial transmission, given data suggesting morbidity and mortality reduction with infant CTX prophylaxis in such settings [14, 20] .
| CONCLUSIONS
HIV-exposed infants receiving CTX prophylaxis had higher rates of CTX drug resistance in the commensal bacterial of their stool at three and six months of life. In settings with well-functioning MTCT prevention programming and infant HIV testing, antimicrobial resistance considerations at the population level, and the potential for increased resistance occurring in pathogenic bacteria, should be factored into public health decisions related to the risks and benefits of infant CTX prophylaxis. 9 Ministry of Health, Gaborone, Botswana
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